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The protein folding capacity of rabbit reticulocyte cytosol was analyzed using the renaturatton of firefly luciferase as a sensittve assay. In the absence 
of ATP, the aggregation of denatured luciferase diluted mto reticulocyte lysate was prevented. Chaperone-stabilized luciferase was detected in high 
molecular weight complexes overlapping the distributions of Hsc70, Hsp90 and the chaperonin TRiC on gel filtration columns. The readdttion 
of unfractionated cytosol and Mg-ATP was required for the efficient foldmg of these forms of luciferase to the active enzyme. We conclude that 
protein folding m the eukaryotic cytosol depends on the functional cooperatton of different chaperone activittes and cofactors m a complex, 
ATP-dependent process. 
Protein folding; Molecular chaperone: Firefly luciferase 
1. INTRODUCTION 
The folding and oligomeric assembly of many if not 
most newly-synthesized proteins appears to be mediated 
by so-called molecular chaperone proteins [1,2]. These 
components function in preventing the incorrect inter- 
and intramolecular association of unfolded polypep- 
tides that leads to their aggregation. Molecular chaper- 
ones of different classes can cooperate in a sequential 
protein folding pathway. For example, in the case of 
proteins which are imported from the cytosol into mito- 
chondria as unfolded chains [3], folding requires an or- 
dered pathway of interactions with the constitutively 
expressed heat-shock proteins (Hsp) 70 and 60 in the 
mitochondrial matrix, and the hydrolysis of ATP [4]. 
Similar reactions in the evolutionarily related cytosol of 
bacteria may involve the Hsp70 homolog DnaK, to- 
gether with its chaperone partners DnaJ and GrpE, and 
the Hsp60 homolog GroEL [5,6]. By contrast. relatively 
little is known about the mechanisms and the compo- 
nents involved in protein folding in the eukaryotic cy- 
tosol. Ribosome-bound polypeptide chains have been 
shown to be associated with the cytosolic Hsp70 cog- 
nate (Hsc70) and this interaction is thought to be re- 
quired for productive folding [7,8]. The eukaryotic cy- 
tosol also contains high concentrations of other molec- 
ular chaperones, such as Hsp90 [9], and the recently 
discovered TCP-1 ring-complex (TRiC). TRiC has been 
proposed to be the functional equivalent of Hsp60/ 
GroEL in the cytosol [lo-131. 
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In an effort to identify the cytosolic components re- 
quired for a complete protein folding reaction, we have 
developed an assay for the chaperone-dependent re- 
naturation of unfolded firefly luciferase. This protein, 
although naturally located in specialized peroxisomes of 
the firefly [14], folds normally upon expression in the 
bacterial cytosol [15] and also in the cytosol of eukar- 
yotic cells when peroxisomes are absent (J. Hohfeld and 
F.U.H., unpublished). Using this assay, we found that 
reticulocyte lysate is highly active in mediating ATP- 
dependent protein refolding. Our analysis revealed that 
protein folding in the eukaryotic cytosol is a complex 
reaction in which different chaperone activities partici- 
pate. 
2. MATERIALS AND METHODS 
2.1. Dew&ration of luciferase 
Firefly luciferase (Sigma) was denatured at 10 PM for 1 h at 25°C 
m buffer A (6 M guanidmium-Cl(99.5% pure). 25 mM HEPES/KOH 
pH 7.5. 50 mM KOAc, 5 mM Mg(OAc),. 5 mM DTT). In some 
experiments. the protein was further diluted to 3.2 ,uM with buffer A 
before dilution mto the refolding assay. 
2 2. Refoldwq Assq 
Denatured luciferase was diluted lOO-fold mto a 50 ~1 refolding 
assay containing buffer B (25 mM HEPES/KOH pH 7.5, 50 mM 
KOAc. 5 mM DTT) and other components where indtcated in the 
figure legends. During mcubation at 30°C 1 ~1 aliquots were with- 
drawn at the indicated time points and added to 40 ~1 5 x diluted 
luciferase assay mix (20 mM Trtcine, 1.07 mM (Mg- 
C0,)(1Mg(OH)2 5Hz0, 2.67 mM MgSO,, 0 1 mM EDTA. 33.3 mM 
DTT, 270 ,uM coenzyme A, 470 PM luciferin, 530 ,uM ATP; Promega) 
using 25 mM Tris-SO,, pH 7.8, 2 mM trans-1,2-diaminocyclohexane- 
N, N. N’,N’-tetraacetic acid, 1 mg/ml BSA as dilutton buffer. After 10 
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s the samples were analyzed in a luminometer (Wallac) for 10 s. To 
obtain the native enzyme control, native luciferase was diluted mto 
buffer C (buffer B containing 5 mM Mg(OAc),) with 1 mM ATP and 
the activity determmed. 
2.3 Desaltrng qf retrculocyte Iysafe 
Reticulocyte lysate (untreated lysate from Promega) was desalted 
on Nap5 columns (Pharmacia) equilibrated in buffer D (50 mM 
HEPES/KOH, pH 7.5. 100 mM KOAc. 5 mM DTT. 100/C glycerol) or 
in buffer D contaming 5 mM Mg(OAc& where Indicated. The protein- 
containmg eluate was concentrated to the startmg volume by Centri- 
con 10 (Amlcon) filtration 
2.4. Fractionatton by gel-filtratiolt 
2 ,~l denatured luciferase (10 PM) was diluted mto 198 ,~l desalted 
lysate containing Mg(OAc)= After 15 mm incubation at 25°C. the 
reaction was centrifuged for 10 min at 16,000 x g, 4°C. 10 ,~l of the 
supernatant were used for a refolding assay (addition of ATP to 5 
mM) and 190 ,~l were loaded onto a Superose 6 column incubated in 
buffer D with 5 mM Mg(OAc),. After elution of the void volume (8.5 
ml), 25 fractions of 0.5 ml were collected. 
2.5. Miscellarleous 
The following procedures were performed according to pubhshed 
methods: SDS-PAGE [16]. electrotransfer of proteins onto mtrocellu- 
lose [17] and immunodetection using rabbit polyclonal antisera agamst 
luclferase and Hsc70 or monoclonal antibodies against TCP-1 (an& 
body 91A [18]) and Hsp90 (Affinity Bioreagents). and the ECL-system 
(Amersham) [19]. 
3. RESULTS 
3.1. ATP-dependent refolding of Iuc$eruse in reticulo- 
cyte lysate 
The 65 kDa protein firefly luciferase [20] was com- 
pletely denatured in 6 M guanidinium-Cl (GdmCl), as 
judged by circular dichroism measurements (not 
shown), and then diluted IOO-fold into buffer solution 
containing ATP. This resulted in a regain of only 6% of 
the enzyme activity after incubation for 40 min at 30” C 
(Fig. la). In contrast, when the denatured protein was 
diluted into buffer containing reticulocyte lysate and 
ATP, the enzyme efficiently refolded. The extent of 
reactivation was dependent on the final concentration 
of reticulocyte lysate in the reaction and approached an 
optimum at a lysate content of 40%, corresponding to 
a total protein concentration of -70 mg/ml. The recov- 
ery of enzyme activity was then about 80%. These data 
suggested that the reticulocyte lysate either contains a 
molecular chaperone activity that supports the correct 
refolding of luciferase, or the high protein concentration 
in the refolding reaction is responsible for these effects. 
We found, however, that the control proteins bovine 
serum albumin (BSA) and haemoglobin were unable to 
support the efficient folding of luciferase. While at BSA 
and haemoglobin concentrations of 20-150 pg/ml the 
yield of active luciferase increased. at concentrations 
equivalent to those of total protein in the reticulocyte 
lysate, luciferase did not refold (Fig. lb). 
To investigate whether the observed refolding activity 
was indeed ATP-dependent, we removed nucleotides 
and other low molecular weight components from the 
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Fig. 1. Dependence of luciferase refolding on retlculocyte lysate. De- 
natured firefly luciferase was diluted to a final concentration of 0.032 
,uM into refoldmg assays contaimng buffer C, I mM ATP and varymg 
amounts of retlculocyte lysate (A). or BSA ((Y) or haemoglobm (0) (B) 
Luciferase actlcltles reached after 40 mm Incubation at 30°C are 
expressed as percent of the native enzyme control (see section 2). 
reticulocyte lysate by gel filtration. This treatment abol- 
ished the refolding activity seen with untreated lysate 
almost completely (Fig. 2). Readdition of both ATP and 
Mg’+ ions was necessary to fully restore refolding, 
which occurred with an apparent half-time of -8 min 
at 30°C. Likewise, chelating of divalent cations by 
adding EDTA to non-desalted lysate inhibited the refol- 
ding of luciferase (not shown). These data indicated that 
the protein folding activity detected in the reticulocyte 
cytosol depends on the presence of hydrolyzable ATP. 
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Fig. 2. Mg-ATP-dependence of luctferase refoldmg. Reactivation of 
denatured luciferase dtluted into buffer B containing 40% desalted 
lysate was determined either without further addition (0). or with 
addition of 5 mM Mg(OAc)? (A), 1 mM ATP (m) or Mg(OAc), and 
ATP (0). Native luciferase was diluted mto buffer B containing 40% 
desalted lysate and MgATP (0) Acttvittes are expressed as percent of 
the native enzyme control. 
3.2. Prevention of luczferase aggregation and mainte- 
nance of folding competence 
The physical state of luciferase upon dilution of the 
protein from denaturant was analyzed. When added 
into refolding buffer at 25”C, the denatured protein 
aggregated rapidly and was found in the pellet fraction 
after centrifugation at 16,000 x g (Fig. 3a). In contrast, 
when the protein was diluted into refolding buffer con- 
taining 20% desalted reticulocyte lysate, the formation 
of sedimentable aggregates was prevented. The lucif- 
erase protein was then stabilized in the soluble superna- 
tant fraction for at least 30 min. Notably, this was not 
observed when either BSA or haemoglobin were used 
to substitute for reticulocyte lysate (not shown). About 
70% of luciferase activity was recovered when Mg-ATP 
was added 1 min after dilution of the protein from 
denaturant (Fig. 3b). The yield of active enzyme was 
still about 40%, when refolding was initiated by Mg- 
ATP after a 30 min incubation at 25°C. We assume that 
this slow loss of refolding competence, which was not 
observed upon incubation at 4°C is due to the limited 
stability of luciferase-chaperone complexes in the ATP- 
depleted lysate. In contrast, when denatured luciferase 
was first mixed with buffer in the absence of reticulocyte 
lysate, its competence for refolding by the subsequent 
addition of lysate and Mg-ATP decreased much more 
rapidly at a rate similar to that of luciferase aggregation 
(Fig. 3b). In comparing these rates it has to be taken 
into account that aggregation continues, albeit more 
slowly, during the 10 min centrifugation at 4°C (see 
legend to Fig. 3a). Thus, while it cannot be ruled out 
that reticulocyte lysate may have a limited capacity to 
resolve lower order aggregates of luciferase, which are 
not sedimentable at 16,000 x g, the predominant reac- 
tion measured in our refolding assay is apparently the 
reactivation of luciferase from a non-aggregated, 
chaperone-stabilized form. 
3.3. Gel jiltration analysis of folding-competent heif- 
erase in reticulocyte lysate 
The capacity of the reticulocyte lysate to maintain the 
unfolded protein in a folding competent state was fur- 
ther investigated with the aim to eventually identify the 
components that mediate refolding. GdmCl-denatured 
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Fig. 3. Maintenance of folding competence of unfolded luciferase. (A) 
Denatured luciferase (0.2 mg/ml) was diluted into buffer C contammg 
1 mM ATP (cm) or mto buffer C contaming 20% desalted lysate (0). 
At the indtcated times. the reactions were centrtfuged at 16.000 x g, 
4°C for 10 mm. Luciferase m pellet fractions was analyzed by SDS- 
PAGE and immunoblotting. Sedimentable luciferase is expressed as 
percent of total luciferase present in the reaction. (B) At the indicated 
times follovvmg dtlution of denatured luciferase into buffer C/l mM 
ATP (0) or mto buffer C/20% desalted lysate (0). refoldmg was imti- 
ated by addmg 20% lysate (0) or 1 mM ATP (o), respectively. Activ- 
tttes reached after 40 mm incubation at 30°C are expressed as percent 
of the native enzyme control. 
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luciferase was diluted into desalted reticulocyte lysate 
and incubated for 15 min at 25°C to ensure that most 
protein not bound to chaperone had aggregated. Lucif- 
erase aggregates were then sedimented and the superna- 
tant of the reaction containing stabilized protein was 
fractionated on a Superose 6 column (Fig. 4a). About 
90% of the luciferase protein analyzed was recovered 
from the column in a broad distribution between 
- 1,000 and 250 kDa (Fig. 4b). Only little luciferase was 
detected at around 60 kDa corresponding to the posi- 
tion of the native enzyme (Fig. 4~). The luciferase in the 
high molecular weight column fractions 5-15 had al- 
most no enzymatic activity (Fig. 4a). We tested whether 
this luciferase was competent to undergo ATP-depend- 
ent refolding. Surprisingly, addition of Mg-ATP to each 
column fraction followed by an incubation for 30 min 
at 30°C was without effect. A similar result was ob- 
tained when desalted reticulocyte lysate was added at a 
concentration comparable to that used in the complete 
refolding reaction. Only when the column fractions 
were incubated with desalted lysate ad Mg-ATP was 
the efficient regain of luciferase activity observed. The 
final yield in activity over all column fractions was 
about 65% of that obtained in the unfractionated lysate. 
Peak activities were reached with luciferase that frac- 
tionated at - 1,000 kDa (fractions 7 and 8). although 
these fractions contained less luciferase protein than 
fractions 11 and 12, for example. These results indicate 
that distinct activities, presumably molecular chaperone 
proteins of different classes and their cofactors, cooper- 
ate in protein refolding in the reticulocyte lysate. 
TRiC containing fractions (Fig. 4a). The participation 
of TRiC in luciferase folding is indeed likely, based on 
our previous observation that purified bovine TRiC can 
support the refolding of this protein in vitro [13]. 
4. DISCUSSION 
We have described a simple and reliable assay to 
measure the refolding activity of a eukaryotic cytosolic 
extract. Firefly luciferase was chosen as the substrate 
because: (i) its spontaneous refolding upon dilution 
from denaturant is inefficient; (ii) the luminescence 
based enzyme assay of luciferase is extremely sensitive. 
thus allowing to test refolding activities in small fraction 
volumes; (iii) the enzyme assay is very fast so that any 
reactivation during the measurement is minimal. We 
believe that the luciferase renaturation assay will be 
useful in identifying the molecular chaperone compo- 
nents functioning in protein folding in various cell types 
and cellular compartments. 
The fractionation properties of the major known mo- 
lecular chaperone proteins in the cytosol, namely 
Hsc70, Hsp90 and the chaperonin TRiC, were analyzed 
in the presence or absence of denatured luciferase (Fig. 
4b and c). While the distribution of Hsc70 largely over- 
lapped with the high molecular weight complexes of 
luciferase, this separation behaviour was apparently in- 
dependent of the presence of the denatured protein. 
Similar observations were made with Hsp90. It has to 
be considered that a large amount of the total Hsc70 
and Hsp90 may already be bound to polypeptide sub- 
strates naturally present in the reticulocyte lysate. In the 
case of TRiC, a shift in fractionation upon luciferase 
binding is not expected due to the high molecular weight 
of this chaperonin (-970 kDa) [13]. Interestingly, the 
peak reactivation of luciferase was measured in the 
Analyzing the renaturation of luciferase, the cytosol 
of rabbit reticulocytes was found to contain a highly 
efficient ATP-dependent protein folding activity. In the 
absence of hydrolyzable ATP, the aggregation of lucif- 
erase added to the lysate from 6 M GdmCl was pre- 
vented. The protein remained in a stable, folding com- 
petent conformation from which it could reach the na- 
tive state upon subsequent addition of ATP. The possi- 
bility to distinguish between a binding step and refold- 
ing allowed the chromatographic fractionation of the 
reticulocyte lysate containing stabilized luciferase. 
These experiments revealed an unexpected level of com- 
plexity for cytosolic protein folding. While more than 
90% of luciferase protein was recovered from the sizing 
column, additional components were required to obtain 
ATP-dependent reactivation. Either specific cofactors 
were removed from the chaperone-stabilized luciferase 
during fractionation and/or different chaperone activi- 
ties have to cooperate in luciferase refolding. Possible 
components participating in this process are Hsc70 and 
Hsp90 with their respective cofactors, as well as the 
recently discovered chaperonin TRiC (for recent re- 
views see [1,2]). 
A functional synergy of E. coli Hsp70 (DnaK) and the 
chaperonin GroEL in protein folding [5] and prevention 
of aggregation [6] has recently been described. This re- 
action depends on the chaperone cofactors DnaJ, GrpE 
t 
Fig. 4. Fractionation by gel filtration of folding-competent luciferase in desalted reticulocyte lysate. (A) Gel filtratton of the rettculocyte lysate 
reaction was performed as described in section 2. Luciferase activity was determmed immediately after the column fractionation (0). or after a 
30 min mcubation at 30°C with either 1 mM ATP (m), 50% desalted lysate (A) or 1 mM ATP and 50% desalted lysate (0). Activttres per fraction 
are expressed as percent of the total activity reached in the unfractionated refolding reaction after 30 min incubation in the presence of Mg-ATP. 
The peak fractions of the following molecular weight standards are indtcated: Blue dextran. 2 x lo6 Da; thyroglobuhn. 670 kDa; catalase. 230 kDa; 
BSA, 66 kDa. (B) The fractionation pattern of luciferase and the chaperone protems TRiC, Hsc70 and Hsp90 was analyzed by SDS-PAGE and 
immunoblotting with specific antibodies (see section 2). (C) Native luciferase (10 ,uM) was diluted IOO-fold into desalted reticulocyte lysate and 
the reaction fractionated on a Superose 6 column as in A. The fractionatton pattern of the Indicated protems was determined as in B. 
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and GroES. A similar pathway of chaperone-mediated 
protein folding may be operative in the reticuIocyte ly- 
sate. While DnaJ homologues in the eukaryotic cytosol 
have already been identified, a GrpE-like component 
has not yet been discovered in this compartment [21,22]. 
Based on preliminary results, non-native luciferase in 
the high molecular weight column fractions appears to 
be associated with TRiC (E.N. and F.U.H.. unpub- 
lished observations). The requirement of complete retic- 
utocyte lysate for refolding in these fractions in addition 
to ATP would then suggest that TRiC functions to- 
gether with an as yet unidentified factor(s). Hsc70 and 
Hsp90 are unlikely to be limiting, giving their abun- 
dance in the TRiC containing fractions. Interestingly, 
a cofactor dependence has not been observed for the 
refolding of denatured luciferase by purified bovine 
TRiC [ 131. However, two distinct additional factors are 
apparently required for the folding/assembly of tubulin 
by rabbit reticulocyte TRiC [33]. A detailed analysis of 
the reticulocyte lysate system based on the sensitive Iu- 
ciferase refolding assay should provide important in- 
sight into the pathways of assisted protein folding in the 
eukaryotic cytosol. 
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